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ABSTRACT

A joint combining riveting and bonding is considered in terms of structural performance if the composite structure has a
mismatched stiffener. The transfer loading is correlated with high performance aerospace joints to increase delamina-
tion resistance in the out-of-plane direction. However, combined joints (rivet/bonded) will create a bearing area that
induces another potential damage source aside from secondary bending moment on the edge of the stiffener. Another
problem is that the structure is difficult to be inspected by using conventional methods because of limited accessibility.
The use of embedded fiber Bragg grating (FBG) technology in the structure as a strain sensor can potentially solve the
problem in structures that have a stiffness mismatch. The FBG can be used to detect and characterize delamination be-
fore it reaches a critical stage. The model used to represent this problem is a thin composite stiffened skin under two
load cases: tension and three-point bending. Finite element modeling using a traction versus separation theory is per-
formed to determine the critical area on the specimen for placement of the FBG before manufacturing and testing. Ex-
periments were presented to determine the distribution of load in a combined joint under both loading cases using ideal
loads to create a secondary bending moment and bearing loads in the stiffness-mismatched structure. In this research,
the FBG successfully detected and characterized the delamination caused in both loading cases. In addition, FBG can
predict the delamination growth quantitatively. A spectrum graph of the FBG results can be used to replace the conven-
tional mechanical graph in composite structural health monitoring in real applications.

Keywords: Carbon Fiber; Joints/Joining; Cohesive Elements; Secondary Bending Moment; Structural Health
Monitoring

1. Introduction than metal structures, especially with regard to failure
mechanisms, structural aircraft designs that often incor-
porate over-strengthening, and the fear of failure that pro-
mpts too-frequent manual inspections of the structure. In
the long run, these factors lead to inflated airline operat-
ing costs especially when compared to conventional air-
craft design, which is based on metallic structures. In fact,
composite materials and structures have complex failure
mechanisms such as resin cracking, disjointing, delami-
nation, fiber breakout, and these mechanisms can be dif-
ficult to detect and can lead to catastrophic failure[1-3].

The alignment of the load path and the geometry of the
structural elements are important considerations in the
design of joints. Aircraft structural elements are gener-
ally intended to be loaded in either tension/compression
or shear modes. Primary bending is avoided by keeping
the loading as close as possible to collinear. However,
secondary bending induced by minor eccentricities of the
loads occurs in many types of joints (and structures) and
can cause serious problems. Because there is less avail-

able information on composite materials and structures
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Therefore, detecting and characterizing damage in the
composite structure is important before it reaches a criti-
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cal stage; the mismatch can then be stiffened to increase
the safety and reliability of the structure. Structural
health monitoring can offer a good solution to this prob-
lem and is performed by installing a fiber Bragg grating
as a strain sensor during the manufacturing process. This
component monitors structural degradation due to exter-
nal forces or environment/temperature. One of the prob-
lems in implementing FBGs in the composite structure is
that it is difficult to guarantee that a failure in the com-
posite structure will occur close enough to an FBG loca-
tion to allow for strain transfer and, thus, detection and
interpretation. The focus of this study is to discuss a nu-
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merical approach to define FBG placement before fabric-
cation of a specimen model. The experimental model
verifies the numerical results of FBG reflection-wave-
length measurements for automatic damage detection
during specimen testing in a thin composite structure
containing a mismatched stiffness in a combined joint.
The main concept of FBG implementation in a composite
structure mimics human neural networks as shown in
Figure 1 [4-9].

The Bragg, or reflected, wavelength (1) is defined by
the Fresnel reflection according to the following rela-
tionships (illustrated in Figure 2):
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Figure 2. Fiber Bragg grating optics and illustration of the principle.
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2, =2T1A 1)
AAf 2y =(1-p)(&, + @, AT)+a, AT )

where IT is the effective refractive index of the grating in
the fiber core and A is the grating period. Also,

AL = wavelength shift

A, =base wavelength at test start

p = photoelastic coefficient (p = 0.22)

g, = mechanical strain

AT = temperature change in K

a, = coefficient of thermal expansion of the compos-
ite

Ay,
optic

The proposal in this study is to automatically and con-
tinuously detect and characterize damage by using FBG
in the thin structure where stiffness mismatch can occur
as a simplification of composite skin stringers or com-
posite joining, which can be misaligned with the neutral
axis of the structure position. This automated detection
and monitoring damage offers improvements in the
safety and reliability of the aircraft structure. The study is
organized as follows: Section 2 presents the design con-
cepts in general. Section 3 presents the methodology of
the numerical approach. Section 4 presents the experi-
mental approach for a static case. Section 5 presents a
perspective on the FBG strain sensor as a damage detec-
tion and monitoring device. Section 6 presents the dis-
cussion and conclusion.

= coefficient of thermal expansion of the fiber

2. General Design Concepts

Aircraft structures consist essentially of an assembly of
simple elements connected to form a load transmission
path. The elements, which include skins, stiffeners,
frames, and spars, form the major components, such as
wings, the fuselage, and the empennage. The connections
or joints are potentially the weakest points in the airframe,
and they determine its structural efficiency. Generally, it
is desirable to reduce the number and complexity of
joints to minimize weight and cost. A very important
advantage of composite construction is the ability to
form unitized components, which minimizes the number
of joints required. However, the design and manufacture
of the remaining joints are still major challenges to pro-
duce safe, cost-effective, and efficient structures. One of
the important structures in aircraft is the skin stringer.
Although it is an important structure and provides
many advantages in lightweight structures, such as pro-
viding end restraint for the skin panels and resisting out-
of-plane deflections when skins try to buckle, the concept
of fully composite skin stringers poses a problem. These
parts suffer the emergence of a secondary bending phe-

Copyright © 2013 SciRes.

nomenon that creates a peel failure on the interface be-
tween the skin and the stringers. Only a small force is
needed to start a peel failure because the load is trans-
ferred from one skin panel to the next via the joints. The
load is not collinear through the joint, but it is instead
offset or eccentric. The secondary bending is highly de-
pendent on the magnitude of the eccentricity.

In this section, we aim to produce a simplified model
as shown in Figure 3 to perform fundamental tests on
failures caused by secondary bending moments and to
monitor them using the FBG strain sensor. The specimen,
which is referred to as a thin composite stiffened skin,
was made with double-stage adhesive curing; after the
adhesive had cured, rivets were installed onto the stiff-
ened area. In fastener (rivet) joints, loads are transferred
between the joint elements largely by compression on the
internal faces of the fastener holes, and there is a smaller
shear component on the outer faces of the elements due
to friction. In bonded joints, the loads are transferred
mainly by shear on the surfaces of the elements. In com-
bined joint cases, the load transmission elements (fas-
tened or bonded) are stressed primarily by shear along
the joint line; however, the actual stress distribution will
be complex; combining this construction with the FBG
as a strain sensor, our numerical approach and experi-
ments will explain the complexity in detail.

Generally, a joint bonded with a structural adhesive is
usually much stiffer than a similar joint joined by me-
chanical fastening even when the mechanical joint is
optimally designed and interference fit fasteners are used.
Thus, it is not possible to design a joint in which the load

Wing Section

Skin/Stringe Composite

Stiffened Skin

=

Figure 3. Specimen for fundamental testing (composite
stiffened skin) inspired by a skin stringer structure.
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is effectively shared between the bonded and fastened
regions. However, using both fastening and bonding to-
gether can be beneficial for several reasons. Fasteners
provide an alternate in-plane load path and through-
thickness reinforcement, and they can be used at the end
of a lap joint to reduce peel stresses (this is a somewhat
hazardous application because the fastener holes, unless
very carefully sealed, allow environmental ingress into the
bond interface in the most critical region). Fasteners can
also be used both as a jigging aid and to apply pressure
during adhesive bonding of composite components.
Bonding can be used to alleviate local stresses in the me-
tallic component in a mechanically fastened joint, which
improves fatigue and static strength properties. A com-
bined approach is used extensively with riveting in the
metallic longitudinal fuselage splice region in commercial
aircraft. With composite construction, this approach is
more likely to be used for rework in areas found to be
prone to damage.

Material and Specimen Preparation

Carbon fiber unidirectional impregnated IMS60/#133
(Toho Tenax) was used for laminate. The composite was
eight-layer anisotropic [0, 0, 45, —45];, and it was fabric-
cated by autoclaving at £180°C to produce the following
mechanical properties: g, = 2201 MPa, o. = 1037 MPa, 7,

=207 MPa, E,= 150 GPa, E. =137 GPa, G,. = 10.9 GPa,
and v, = 0.33. The material was cut with diamond cutting
machines into the desired dimensions. One piece was cut
as a skin and another as a stiffener as shown in Figure 4.
The interface between the composite skin and the stiff-
ener was bonded using the adhesive DP420 Off-White
from 3M with a double-stage bonding method containing
the following mechanical properties: 7, = 20 MPa, 7, = 17
MPa, 7, = 207 MPa, and E, = 2000 Mpa. The bonding
area was roughened with fine abrasive paper and cleaned
with acetone before the bonding process. AN470 ADS
rivets with @ 3.2 mm were installed into the specimen
using a 0.30 MPa pressured rivet gun. The drilling proc-
ess is shown in Figure 5. The FBG was embedded in the
interface between the skin and the stiffener near the edge
of the specimen because this area has the greatest poten-
tial for failure as shown in Figure 3. The FBG is made
using Fujikura Optical Fiber with © 125 pum, and a grat-
ing span of 15 mm was used.

3. Methodology of the Numerical Approach

The fates of the edges of the stiffener, the adhesive, and
the riveted joint were investigated. The joint configure-
tion used in the study was a combination riveted/bonded
method for the composite stiffened skin. The rivet ge-
ometry was maintained as a constant throughout the

H,mw..m_.
T L
coocoo o000

G i L

Cut section A-A

Figure 4. Specimen dimensions and configuration.
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Figure 5. Drilling process and rivet installation.

analyses. In addition to predictions of the load transfer in
the joint, a stress analysis was performed to investigate
the peeling effect and to determine the shear stress dis-
tributions in the adhesive and the riveted joint. Adhesive
debonding has different characteristics in asymmetric
and symmetric configurations; the asymmetric configu-
ration encounters bending stresses, which then lead to
peeling stresses. To describe the adhesive cracks that
cause delamination, cohesive elements are used, and this
approach has risen in popularity over the years. This in-
terest is principally due to the ease of implementation
and the clear virtual picture that is given by an explicit
representation of delamination. After the mechanical
behavior is investigated, the specimen was fabricated and
the FBG was installed in the specimen model. The ex-
perimental results were used to validate the predicted
values from the finite element model [10-12].

3.1. FEM Analysis Parameters

The traction versus separation theory is a well-known
theory used to model the onset of delamination in the

Copyright © 2013 SciRes.

combined joint of a thin composite stiffened skin. The
quality of various modeling techniques for a thin com-
posite stiffened skin must be weighed (information is
available in Abaqus), and the results must be verified by
correlation with experimental data.

3.2. Using Traction vs. Separation Laws

Delamination is one of the main modes of failure in
composites when there is no reinforcement in the thick-
ness direction. Prediction of delaminations can be per-
formed using cohesive elements, which combine aspects
of strength analysis to predict the onset of damage at the
interface and fracture mechanics to predict the propaga-
tion of a delamination. Cohesive elements have been
found useful to study fracture along the interfaces of
contact materials that have the same stiffness or thick-
ness.

A cohesive constitutive law correlates the traction ¢ to
the displacement ¢ at the interface. The bilinear softening
model, which is chosen here for its simplicity, is shown
in Figure 6. One characteristic of all softening models is
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Figure 6. Onset of delamination based on the traction vs. separation theory.

that the cohesive zone can still transfer load after the
onset of damage. For pure Mode I, II or III loading, the
stiffnesses are gradually reduced to zero after the inter-
facial normal or shear tractions reach their particular in-
terlaminar tensile or shear strengths. The areas under the
traction-displacement curves are the respective modes (I,
II or IIT) of the fracture energy [13-16].

The penalty stiffness K is an arbitrarily large number
selected such that the presence of undamaged cohesive
elements does not introduce substantial compliance to the
structure. A cohesive law is assumed to have three frac-
ture modes. It is assumed that direction 3 is normal to the
interface and that the interlaminar shear strength 8y, 1S
independent of the shearing direction. Then, the dis-
placements for damage initiation in each mode are sim-
plified by the equations below:

0
Mode I: &7 =%
K

0
Mode II: &7 = Lshear
K

Copyright © 2013 SciRes.

0
Mode III: §° = Zstear
K

The constitutive response of traction vs. separation
theory used here is based on the maximum stress crite-
rion and is as follows:

M on ot os
Nmax Tmax Smax
The quadratic stress interaction criterion is

o, foro, >0
(@)= 0 foro, <0

O, O,

n + t O-S

+ =1

(Nmax)2 (Tmax)2 (Smax)2

Note:

o, =nominal stress in the normal direction
o, =nominal stress in the first shear direction
o, =nominal stress in the second direction

d = scalar damage variable
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d = 0: no damage
d = 1: fully damaged

3.3. Three-Dimensional Modeling with Finite
Elements

The three-dimensional models were built using a parti-
tioned solid model in the thickness direction with a
pointed section as the shell-composite for the laminate, a
cohesive element for the adhesive and solid-homogene-
ous element for the rivet. In the element modeling, the
laminate (the skin/stiffener) was modeled using an 8-
node quadrilateral in-plane continuum shell with hour-
glass control and with multiple elements in the thickness
direction, which improved the performance of the ele-
ments under bending. The adhesive was modeled using 8-
node three-dimensional cohesive elements. The rivet was
modeled using an 8-node linear brick with hourglass
control, which produced a more accurate representation
of the curved surface. A medial axis transform was used
to generate the mesh, and a neat fit was assumed between
the rivet and the laminate in all of the simulations. Sym-
metry was adopted along the length of the joint, and the
model was thus reduced to a half-model to reduce com-
putational time. To accurately determine the mechanical
behavior, including the load transfer at the interface of
the adhesive and rivet, a three-dimensional model was
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required wherein the pair contact between the rivet and
hole was modeled with a master-slave algorithm that
allowed finite sliding of the contact pairing assuming a
value of 0.2 for the friction coefficient; the adhesive in-
terface was modeled as a cohesive element. To blur the
dissimilar surface junction, the nodes used in interaction
of the parts were merged, and all degrees of freedom at
the node were merged together so that the meshing re-
tains a good shape [17-19].

A finite element model of a composite stiffened skin
with combined joint was developed using finite element
code that is available in Abaqus. The analyses were per-
formed by inducing a tensile load at one end of the joint,
which was only free to move in the longitudinal (x) di-
rection (u,u, = 0). The opposite end of the joint had
clamped boundary conditions (u,u,u, = 0). Because it was
fixed in the (z) direction, this model was represented as a
half-model (1, = 0). In another test using three-point
bending conditions, the piece is free to move (roll-support)
in the longitudinal (x) and normal (z) directions (u, = 0)
with loading on the center back side of the stiffener. The
effects of non-linear geometry were included in the
analyses.

Figures 7 and 8 show the differences in stress concen-
tration at the interface between the stiffener and the skin
when using cohesive elements under tensile and three-
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pture 4)
3.18e+03N

Figure 7. Onset of delamination based on traction vs. separation theory in a tensile test.
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Figure 8. Onset of delamination based on traction vs. separation theory in three-point bending test.

point bending loads. Using this theory, it can be verified
that the onset of delamination will occur at the edge of
the stiffener and near the riveting hole under tensile
loading. Under three-point bending, the load concentra-
tion appeared in the center of the specimen model and
near the riveting hole. No out-of-plane behavior is seen
in this virtual model because the element based on trac-
tion separation is a shell, and this type of structure cannot
experience normal direction behavior except as shown by
the vector stress response.

A comparison of the separation element and the stress
distribution at the combined joint in the thin composite
stiffened skin under tension and under three point load-
ing is shown here in several figures. The specimen model
under tension loading is shown in Figures 9 and 10. We
can see that separation initially occurs at the edge of the
stiffener as a result of the peeling stress created by the
secondary bending moment. This effect occurs because
of the stress concentration at the edge region of the stiff-
ener due to a stiffness mismatch; the neutral-axis load
was changed, and the load was shifted nearer to the hole
rivet area when the load increased. The peel stress caused
by the mismatched stiffness and load-shift can also be
shown in that virtual figure by the maximum principle
stress vector in the normal direction, which produces a
secondary bending moment and creates the potential of a
peeling failure.

In the combined joint under three-point loading,

Copyright © 2013 SciRes.

shown in Figures 11 and 12, a different separation pat-
tern appears where the stress distribution response is op-
posite from that under tension loading. This pattern
shows a significant stress concentration in the middle of
the specimen that is load shifted to near the hole rivet
area, and loading is increased. Indications are that the
addition of the rivet in this case provides a multi-area
stress concentration effect. The stress concentration be-
comes very critical especially in the transverse direction
due to the fairly large separation in the area of the rivet.
Both loading scenarios have principle differences re-
garding the stress distribution; however, the shear load is
dominant in both specimen models while secondary
bending occurs from the edge stiffness. This outcome
will influence the FBG spectrum perspective behavior,
which is explained in the next chapter. However, this
shearing load response is less critical in the delamination
process compared with the normal direction load re-
sponse.

Figure 13 shows the stress distribution profile in the
longitudinal direction under tension loading. This profile
is consistent with the previous figure in that multiple
areas of peeling stress concentrate on the edges of the
stiffener and the rivet holes as local stress concentrations
dominate. However, in the case of three-point loading as
shown in Figure 14, no peeling stress concentration oc-
curs at the edge of the stiffener as a result of the mis-
matched stiffness in the area. The stress is eliminated
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Figure 9. Distribution of principle stress maxima and vector direction sunder tensile loading.
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Figure 10. Separation element location during tensile loading for riveted bonding stiffened skin.

because the rivet increased the resistance to out-of-plane
failure at the edge although it also increased the risk of
bearing failure due to the hole. The addition of the rivet
indicated that the stress distribution can shift in the mid-
dle of the specimen as shown in the case of three-point
loading.

Figures 15 and 16 show the stress distribution profile
in the transverse direction. A comparison between the
test scenarios under different loads indicates that both
have nearly the same stress distribution profile in the
transverse direction, which has no multi-area stress con-
centration caused by the addition of the rivet. The stress
concentration occurs only around the rivet hole for both
test scenarios.

A comparison of the load transferred to the rivet area
for the two test scenarios is illustrated in Figures 17 and
18. Under tension loading, nearly all the load is trans-
ferred to the rivet area. As a consequence, nearly no load
is transferred to the stiffener in this case, and the load
nearly entirely accumulated in the hole rivet area. It could
be said that the addition of the rivet increased the risk of
bearing failure. The situation is different in the test sce-
nario under three-point loading in which it can be seen
that the load is transferred partially to the rivet area. This

Copyright © 2013 SciRes.

means that the risk of bearing failure is also minimized.

Now that FEM studies have verified the mechanical
behavior of the failure scenarios and the critical positions
in which to place the FBG in the composite stiffened skin
specimen, the specimen is ready to be built and tested
using the Instron 8802 machines. The test will be con-
ducted in two steps. First, the profile spectrum from zero
loading until specimen breakage is determined to obtain
the complete spectrum behavior based as a function of
the FBG read-out. Then, an interrupted test is conducted
to determine the loaded/unloaded spectrum and the
growth of delamination. After the loaded/unloaded test,
the specimen is evaluated using a C-scan machine to de-
termine the shape of the delamination growth.

4. Experimental Approach in the Static Case
Experimental Procedure

During the static test, the FBG optical fiber was lit using a
broadband light source (ASE FL7002, 1530 - 1610 nm,
FiberLabs) using a Fujikara arc splicer connected as
shown in Figure 19. The power spectrum was measured
from reflected light in the FBG sensor, which was em-
bedded inside the skin stiffener. Losses after fiber optic
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Figure 11. Distribution of principle stress maxima and vector direction under three-point loading.
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Figure 13. Stress distribution profile in the longitudinal direction for the test under tension loading.
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Figure 15. Stress distribution profile in the transverse direction for the test under tension loading.

joining were 0.00 dB, indicating a perfect joining result.
The spectrum reflection was measured using an optical
spectrum analyzer (MS9710C, Anritsu Co.).

Figure 20 presents one of the two experimental ar-
rangements. The tensile test was conducted using a uni-
versal testing machine (Instron 8802), and the three-point

Copyright © 2013 SciRes.

bending test was performed using an Instron 4505. The
cross-head speed was 0.5 mm/min. The span length for the
tensile test was 170 mm, and the span length for three-
point bending was 150 mm. A non-contact strain meas-
urement, the advanced video extensometer (AVE), was
used to monitor the axial strain behavior on the back side
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Figure 17. Normalized load transfer in the rivet area under tension loading.

of the stiffener to clarify how the secondary bending oc-
curred under tension loading.

The spectrum reflection was continuously measured
until the specimen broke. After that point, an interrupted
test at a certain load interval was conducted to observe the
damage growth under FBG interrogation under loaded
and unloaded conditions. The specific load for the

Copyright © 2013 SciRes.

interrupted test was chosen based on the load-displace-
ment curve and from changes in the spectrum reflection,
which indicated that damage had begun. The loading-
unloading condition was used to represent real conditions
when damage occurs in aircraft structures. The evolution
of the reflection spectrum’s shape was observed using a
spectrum analyzer, and damage was observed using an
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Figure 18. Normalized load transfer in the rivet area under three point loading.

Figure 19. FBG connection setup and light bias test.

ultrasonic c-scan (Gsonic scan 6A x 600).

Figures 21(a)-(d) show the magnitude of the me-
chanical behavior from the finite element analysis com-
pared with the strain gage measurements during the test.
The mechanical behaviors at strain gage 1 (SG1) through
strain gage 4 (SG4) have the same trend as the experi-
mental results. This similarity means that there is close

Copyright © 2013 SciRes.

agreement in the mechanical behavior trend between the
finite element analysis and the experiment.

The interrupt load test was performed to gather data
for comparison with non-destructive inspections per-
formed using a C-scan to determine the degree of de-
lamination. The interrupt test was used to simulate real
conditions in that the loading-unloading conditions rep-
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Figure 20. (a) Three-point bending and (b) tensile test setups.

resent operating-grounded conditions. This type of test
also determines the effects of changes in load distribution
and stress concentration during loading. Figure 22 shows
the C-can under interrupted tension loading. It is clear
that delamination appears in two places as a result of the
two areas of stress concentration; these areas begin in
and around the rivet hole and then grow to the edge of
the stiffener. The result is consistent with the stress dis-
tribution profile as shown in Figure 13. Only a small
load is needed to initiate delamination because the high
stress concentration occurs near the rivet hole area. Un-
der three-point loading as shown in Figure 23, delamina-
tion occurs gradually and requires a high load to initiate
and propagate. This difference is a result of the domi-
nance of shear stress over others in three-point loading.
One can interpret that the addition of the rivet, which
created the stress concentration, is more sensitive in ten-
sion than shearing.

5. Perspective on the FBG Strain Sensor for
Damage Detection and Monitoring

FBG strain sensors provide two data readouts in the
spectrum analyzer: power reflection and wavelength. The

Copyright © 2013 SciRes.

wavelength equation gives a linear relationship with the
mechanical strain as indicated by Equations (1) and (2).
If the material or structure in which the FBG is embed-
ded suffers damage that causes a non-linear mechanical
strain response, Equations (1) and (2) cannot be used.
However, if the response through the length of the FBG
grating period is still uniform, those equations can still be
used. The power reflection is used to measure whether
materials or structures have been damaged enough to
cause the FBG grating length to become non-uniform.
This measurement is marked by a multi-peak occurrence
of the power reflection.

Figures 24(a)-(d) show the characteristic evolution of
the FBG spectrum under tension loading. There are three
dominant peaks in the spectrum of the FBG reflection
during loading in the specimen, and those peaks changed
as the delamination progressed. The three dominant
peaks in the spectrum are defined as Py, (first peak), P,
(second peak), and Py, (third peak). The equation based
on the three spectral peaks has a value ratio ([(Pg, — Pyp) +
(Pg, — Pyy)]/2) that is relatively linear, so it can be used to
indicate the growth of delamination.

Figure 25 shows a characteristic evolution of the spec-
trum with a change in wavelength without the occurrence
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finite element analysis results.
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Figure 22. Tensile loading interrupt tests.

of multiple peaks. Under three-point bending, the spec-
trum peak has nearly the same value, but the peak wave-
length width is broader. The ratio between the original
wavelength and the loaded wavelength can be used to
quantify the growth of the damage. The equation for the
loaded and original wavelengths of this spectrum has a
value ratio (A4, — A4,) that is relatively linear, so it can
be used to indicate the growth of delamination.

Figures 26(a) and (b) show the specimen test results

Copyright © 2013 SciRes.

under a three-point bending test. These graphs show that
the normalized power reflection could not be used as an
indicator of delamination growth because the normalized
intensity value remains nearly the same during a loading
run, and the line’s slope is small. There is typically a
uniform strain response in the FBG reading. Meanwhile,
the normalized wavelength over the loading run could
more clearly be used as a damage growth indicator. After
damage occurred, the normalized wavelength curve in-
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Figure 23. Three-point bending loading interrupt tests.

creased significantly as the load increased. As a result,
the normalized wavelength can be used to quantitatively
measure damage in a uniform strain failure.

Figures 27(a) and (b) show the specimen test results
under tension loading. These graphs indicate that the
normalized power reflection and wavelength can be used
as tracking parameters for delamination growth because
the occurrence of multiple peaks with broader wave-
lengths can be clearly seen when damage occurred. Ex-
actly these indicators can be seen in the figures at the
point of specimen breakage.

Figure 28 shows how the multi-peak power reflection
quantifies the delamination growth specimen model un-
der tension loading. By defining the ratio between the
three dominant peaks as [(Pg, — Pyp) + (Pg, — Pyp)]/2, we
can see the correlation between the multi-peak spectrum
and delamination growth. While Figure 29 shows the
test scenario in the three-point loading, the equation (A4,
— A4)) can be used to quantify the delamination because
the phenolmena of multi-peak occurrence is not seen
clearly in this case. However, if damage initiates and
grows, the wavelength broadens significantly.

6. Discussion and Conclusion

The behavior of a thin composite structure with a mis-
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matched stiffener in the combined joint has been demon-
strated by numerical analysis and experimental appro-
aches. Continuous damage monitoring using FBG has
also demonstrated that FEM predicts the mechanical be-
havior of the structure, which demonstrates a fundamen-
tal behavior difference under tension and three-point
loading. Where the normal stress at the edge of the stift-
ener plays an important role in initiate peeling failure due
to tensile loading as shown in Figure 13, the addition of
a rivet induces a high risk of bearing failure as shown in
Figure 17 because nearly the entire given load flowed to
the rivet area. In the case of three-point loading, the
normal stress distribution shifted to the middle of the
specimen model as shown in Figure 14. The addition of
a rivet increased the resistance to out-of-plane failure at
the edge of the stiffness bearing failure, and the risk of
bearing failure is small because the load transferring to
the rivet area occurred gradually. The experimental ap-
proach showed a close agreement between strain gage
measurements and finite element analysis results as
shown in Figure 21. The prediction of the growth of de-
lamination in the specimen model also showed a close
agreement between the methods as shown by the results
of the C-scan in Figures 22 and 23. These conclusions
show that the predictions by numerical analysis can be
verified well by experimental approaches.
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Figure 24. (a), (b), (c) and (d) Evolution of reflected FBG spectrum shape under tensile loading.

Numerical and experimental approaches have become fabrication of the specimen models to avoid misreadings.
crucial to determine proper placement of the FBG be- We conclude that the FBG can detect initial damage
cause the FBG is only able to detect damage adjacent to and its subsequent growth properly as predicted by finite
the grating length. As a result, the behavior of the model element analysis and corroborating experimental data.
and its tendency to damage must be understood before The occurrence of damage to the specimen models can
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Figure 29. Quantification of damage based on the shape evolution of the FBG spectrum under three-point bending loading.

be characterized by FBG with the occurrence of multiple
peaks in the power reflection and significantly broader
peaks in wavelength. The damage growth can be quanti-
fied successfully by FBG readings through the appropri-
ate ratio between multiple spectral peaks and through the
differences in the wavelength ratios. Additionally, if the
damage to the specimen model still provides a linear re-
sponse to the FBG period gratings, damage characteriza-
tion can be performed by using the wavelength evolution
even if a multi-peak spectrum does not occur as demon-
strated by Figures 25 and 26. However, if the damage
induces a non-linear response at the FBG grating period,

Copyright © 2013 SciRes.

then the multi-peak power reflection and wavelength
broadening can be used to characterize the damage as
indicated by Figures 24 and 27. The design evolution of
the application of FBG in the materials or structure can
be seen in Figure 30.

With the above characteristics, it is necessary to con-
tinue research by using combined loading to represent
the real loading conditions on aircraft structures.
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